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Introduction 


The  objective  of  this  study  is  to  prospectively  evaluate  novel  multiscale  measures  of  heart -rate  variability, 
complexity  and  entropy  in  a  traumatized  population  undergoing  evaluation,  resuscitation,  and  definitive  treatment. 
We  hypothesize  that  HRVC  will  discriminate  patients  who  require  rapid  escalation  of  care  from  those  who  are 
relatively  uninjured.  Our  long  term  goal  is  to  develop  a  new  objective  vital  sign  that  can  be  used  as  a  trauma  triage 
tool  on  the  battlefield.  To  test  this  hypothesis,  we  will  examine  heart-rate  variability,  complexity  and  entropy  in 
trauma  patients  presenting  to  our  Level  One  trauma  center  and  correlate  those  findings  with  standard  vital  signs, 
interventions,  and  outcomes.  We  have  proposed  the  following  specific  aims  to  test  this  hypothesis  and  achieve  our 
goal. 

1.  Demonstrate  feasibility  of  real-time  HRVC  and  electrical  cardiometry  analysis  in  trauma 
patients 

2.  Characterize  HRVC  and  electrical  cardiometry  changes  during  trauma  evaluation  and 
resuscitation 

3.  Develop  an  HRVC  and  electrical  cardiometry-based  triage  model 

4.  Retrospectively  apply  the  developed  model  to  all  prospectively  evaluated  patients 

Body 


PROJECT  RESULTS: 

All  objectives  were  achieved  despite  funding  withdrawal  half  way  through  the  study  period. 

5.  Real-time  complexity  determination  has  been  demonstrated  in  trauma  activation  patients. 

6.  The  real-time  measures  have  been  miniaturized  into  a  hand-held  device  that  is  portable  and  user  friendly 

7.  Triage  algorithms  have  been  proposed  based  upon  prospectively  collected  data  on  trauma  patients 
presenting  to  our  institution. 

8.  The  algorithm  has  been  tested  prospectively  and  retrospectively 

Attached  to  this  report  are  several  peer-reviewed  publications  that  describe,  in  detail,  the  development  and  testing  of 
this  real-time  device  and  it’s  usefulness  in  triage,  including  in  patients  analyzed  after  the  Boston  Marathon  bombings. 


Key  Research  Accomplishments 


•  Heart  rate  complexity  can  be  miniaturized  and  conducted  in  real  time. 

•  Real-time  analysis  with  a  hand-held  device  is  possible  and  results  in  improved  trauma  patient  triage  over 
standard  existing  triage  guidelines. 

•  Adding  electrical  cardiometry  to  HRC -based  triage  does  not  improve  triage 

•  HRC -based  triage  is  valid  after  a  variety  of  mechanisms  of  injury,  including  bunt,  penetrating,  and  blast 
trauma. 


Reportable  Outcomes 


This  funding  directly  resulted  in  three  peer-reviewed  publications  and  six  abstract  presentations  at  local  and 
national  meetings. 


Conclusions 

Real-time  heart  rate  complexity  if  a  useful  trauma  triage  tool  and  may  improve  detection  of  impending  life- 
threatening  conditions  where  standard  vital  signs  do  not. 
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Development  of  a  Rugged  Handheld  Device 
for  Real-Time  Analysis  of  Heart  Rate: 
Entropy  in  Critically  III  Patients 
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ABSTRACT 

Introduction:  The  usefulness  of  heart  rate  variability 
(HRV)  and  heart  rate  complexity  (HRC)  analysis  as  a 
potential  triage  tool  has  been  limited  by  the  inability 
to  perform  real-time  analysis  on  a  portable,  handheld 
monitoring  platform.  Through  a  multidisciplinary  effort 
of  academia  and  industry;  we  report  on  the  development 
of  a  rugged,  handheld  and  noninvasive  device  that  pro¬ 
vides  HRV  and  HRC  analysis  in  real-time  in  critically 
ill  patients.  Methods:  After  extensive  re-engineering, 
real-time  HRV  and  HRC  analyses  were  incorporated 
into  an  existing,  rugged,  handheld  monitoring  platform. 
Following  IRB  approval,  the  prototype  device  was  used 
to  monitor  20  critically  ill  patients  and  20  healthy  con¬ 
trols  to  demonstrate  real-world  discriminatory  poten¬ 
tial.  Patients  were  compared  to  healthy  controls  using 
a  Student’s  t  test  as  well  as  repeated  measures  analysis. 
Receiver  operator  characteristic  (ROC)  curves  were  gen¬ 
erated  for  HRV  and  HRC.  Results:  Critically  ill  patients 
had  a  mean  APACHE-2  score  of  15,  and  over  50%  were 
mechanically  ventilated  and  requiring  vasopressor  sup¬ 
port.  HRV  and  HRC  were  both  lower  in  the  critically  ill 
patients  compared  to  healthy  controls  (p  <  0.0001 )  and 
remained  so  after  repeated  measures  analysis.  The  area 
under  the  ROC  for  HRV  and  HRC  was  0.95  and  0.93, 
respectively.  Conclusions:  This  is  the  first  demonstration 
of  real-time,  handheld  HRV  and  HRC  analysis.  This 
prototype  device  successfully  discriminates  critically  ill 
patients  from  healthy  controls.  This  may  open  up  pos¬ 
sibilities  for  real-world  use  as  a  trauma  triage  tool,  par¬ 
ticularly  on  the  battlefield. 

Keywords:  heart  rate  complexity:  heart  rate  vanabilrty.  en¬ 
tropy;  triage;  combat 


Introduction 

The  physiologic  adaptive  response  of  the  heart  to  hem¬ 
orrhage  and  critical  illness  is  complex  and  influenced  by 
a  multitude  of  efferent  inputs  from  the  within  the  car¬ 
diovascular,  respiratory,  and  neuroendocrine  systems.1-1 
Heart  rate  variability  (HRV)  relies  on  the  physiologic 
premise  that  high  variability,  or  sinoatrial  responsive¬ 
ness,  is  a  sign  of  neurocardiovascular  adaptability,  thus 
implying  a  healthy  state  with  an  appropriate  and  pre¬ 
dictable  myocardial  response.1 3  Conversely,  low  vari¬ 
ability  indicates  an  abnormal  or  inadequate  response  of 
the  heart,  signifying  poor  sinoatrial  responsiveness  to 
stimuli  and  subsequent  morbidity  in  the  affected  indi¬ 
vidual.1  HRV  analysis  is  increasingly  described  in  the  lit¬ 
erature  as  an  early  indicator  of  compromised  health  and 
a  potentially  useful  trauma  triage  tooL**  An  alternative, 
and  likely  more  robust,  approach  to  analysis  of  cardiac 
sinoatrial  variability  is  quantification  of  the  amount  of 
irregularity  in  the  sinoatrial  responsiveness,  known  as 
heart  rate  complexity  (HRC).7-*  A  decreased  irregular¬ 
ity,  or  loss  of  complexity,  has  been  suggested  to  reflect 
impaired  adaptation  to  physiologic  stress7-1  and  indicates 
physiologic  derangement  and  injury,  under  the  appropri¬ 
ate  clinical  circumstances. 

Traditional  vital  signs,  such  as  heart  rate  (HR)  and  blood 
pressure  (BP),  have  significant  limitations  as  trauma  triage 
tools  because  they  integrate  compensatory  mechanisms 
that  may  conceal  the  true  severity  of  injury  until  physi¬ 
ologic  exhaustion  occurs/  The  overall  goal  of  trauma  tri¬ 
age  is  to  identify  high-risk  injured  patients  who  would 
benefit  from  aggressive,  resource-intensive  medical  care 
(appropriate  triage)  while  limiting  exclusion  of  patients 
who  could  benefit  from  such  care  (under  triage).  Today, 
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Traditional  vital  signs  offcn  fail  Id  reflect  live  true  severity  of 
injury  in  trauma  patients  until  compensatory  mechanisms 
have  been  exhauaod.1"5  In  fact  heart  rat  (HR)  may  even  dr  crease 
in  response  to  severe  t  auma,  which  carries  a  risk  of  undertime 
and,  consequently,  increased  mortality.4  HR  variability  (HRV), 
commonly  deser  fcod  as  a  “new  vital  sign,"  has  shown  promise 
in  predicting  injury  severity,  but  its  use  in  clinical  practice  has 
been  precluded  by  the  absence  of  real-time  data.46-* 

The  primary  goal  of  tauma  triage  is  to  identify  high-risk 
patients  who  would  benefit  from  aggressive  medical  care  (ap¬ 
propriate  triage)  while  limiting  exclusion  of  those  who  could 
benefit  from  such  care  (unde rtri age)  *  Specificity  of  cutoff 
a  iter  a  for  trauma  to  am  activation  is  often  sacrificed  for  an 
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inenaxd  scnsiivity  FurihcimHC,  cuncnt  tnage  system!  sc 
supported  by  little  ev  idence  and  commonly  reflect  expert  opin¬ 
ion’-10  These  limiations  ate  particularly  apparent  in  oonrfcat 
caoiakycaic.  inuhiehtfie  need  t>  minimize  the  risk  for  medics 
has  led  to  the  concept  of  “ranote  triage  1  To  achieve  this, 
soldiers  would  be  equipped  with  sensors  that  transmit  data  to 
the  medic  HRV  analysis  <SD  of  R-R  intervals  (RRIs)  in  the 
frequency  domain)  would  be  a  useful  remote  triage  tool  as  pre¬ 
viously  reported*"4*-*' 1-14  if  it  were  avaihhlc  in  real- time . 


Recent  studies  using  an  alternative  appoach  for  quantifying 
cardiac  variability,  based  on  the  amount  of  signal  irregularity 
as  measured  in  tie  RRI  times  scries  of  Sic  electrocardiogram 
using  the  method  of  entopy,  have  indicated  a  superior  diagnostic 
performance  to  predict  poor  outcome. w  As  biologic  systems 


arc  inherency  complex,  a  decreased  RRI  irregularity  or  loss  of 
HR  canplexify  (HRC)  has  been  suggeaed  to  reflect  impaired 
adaptation  to  physiologic  stress. i4J’ 

We  have  developed  and  mi  ma  tori  red  a  device  that  allows 
instantmoous  measurement  ofcardiac  variability  (HRV and  HRC) 
on  a  handheld,  portable  monitor.  Tothe  best  of our  knowledge, 
no  stody  has  examined  the  diagnostic  utility  of  real -time  HRV 
and  HRC  analysis  for  predicting  the  need  of  liftsaving  in¬ 
terventions  ( LSIs)  in  trauma  patients  upon  hospital  arrival.  We 
hypothesized  that  HRV  and  HRC  arc  decreased  ri  patcnK  who 
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chnaans  were  bi aided  «d  eallme  results.  The  corrdaaon  between  SangiEn,  xgtxy  seventy,  nunfter,  and 
type  of  LSI  was  exarraned. 

Aeadts:  Warns  were  m^es  (60S )  wnh  a  moan  ageof  J9.1  yeas.  Inpune  mvolved  lower  exvemtaes  (VIOX). 
head  and  neck  (242X)l  or  ipper  ou retimes  ;9JTX  Sample  emopy  negaaveh'  correixed  with  Injury 
Seventy  Scare  (r  *  — 0L7O;P  —  XX23).nunibeTatmpnes(r  —  0.70,  P  —  X06  X  and  then  ixrber  aid  need  far 

LSI  (r  —  -&R2;  P  —  .004).  Sample  entropy  was  reduced  aider  a  ninety  ai  am dtions. 
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I.  Background 

Appropriate  triage  of  patierts  after  traumatic  injury  remains  a 
chxlenge.  especuBy  during  mass  casualty  events,  such  as  the  Boston 
Marathon  bombing  on  April  15.  2011  Despite  the  Urge  number  of 
vieftms.  not  ai  woiid  be  severely  oijured  or  require  lie-saving 
interventions  (LSI).  Traditional  vital  signs  may  not  become  altered 
until  compensatory  physiologic  mechanisms  become  completely 
exhausted  1 1  j.  Various  measures  of  heart  rate  variability  (HRV)  and 
complexly  have  been  shown  to  be  superior  to  vital  signs  at  predicting 
mortality  after  trauma  1 2.3 1.  Reduced  irreguUrityor  lass  of  complexity 
due  to  saumatic  injury  has  been  previously  been  associated  wilt 
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increased  need  of  prehospital  LSI  and  mortality  |l.4|.  Of  note,  these 
studies  have  all  required  prospective  data  cd lection  wilt  off-line, 
reft aspe dive  data  analysis  (or  manually  verified  R  wave  detection X 
consequently  making  real- 9 me  analysis  impossirie. 

The  aim  of  this  study  was  to  prospectively  evaluate  the  use  of  a 
real-time  measure  c i  heart  rate  complexity  as  a  potential  triage 
tod  during  the  tragic  everts  of  the  Boston  Marathon  bombing. 
We  hypothesized  bat  real-time,  instantaneous  heart  rat*  complexity 
could  predict  the  need  for  LSI  in  the  Boston  Marathon 
bombing  victims. 

2.  Methods 

The  Massachusetts  General  Hospital  is  an  academic  levd  1  trauma 
center  managed  by  an  unchanging  dedicated  ftauma  and  acifte  care 
surgery  team.  Patients  that  met  criteria  for  trauma  team  activation 


